The effect of the location of a negative stray charge associated with an acceptor type defect state in the channel of a nanowire transistor has been investigated using a Non Equilibrium Green's Function Formalism in the effective mass approximation. Due to the fact that the nanowire cross-section is 2.2 × 2.2 nm 2 , we have calculated the effective masses using Tight Binding (TB) calculations. A third neighbor sp 3 TB model has been used. We have found that the on current is two time smaller when the charge is located in the source end as compared to its location in the drain end. We have also studied the effect on the current of the spatial distribution of the acceptor charge. The calculations show that when the charge is more distributed (de-localized) the effect of the blocking of the current is less efficient, so the current is higher.
Introduction
As the dimensions of transistors shrink to a few nanometres in the future technology generations, the effect of even one single unintentional impurity or a defect located in the channel of the transistor can be detrimental to performance.
On the other hand, some of the carriers will have sufficient energy to cross the impurity barrier of a single acceptor, which has a characteristic diameter in the nanometre range. The screening of the long-range impurity potential from the conduction electrons will also play a role as well as a proper description of the individual acceptor charge density distribution and the exact values of the masses of the carriers (which directly affect tunneling probabilities). In this work we intend to study the effect on a nanowire transistor performance of one unintentional acceptor, which has been located in the channel of a wrap-around gate Si nanowire transistor. Previous simulations of the effect of unintentional dopants located in the channel of a nanotransistors have been carried using fully quantum mechanical approaches, but restricted 2D simulations [1] . The latter work considered dopants as a line of charge; other studies used 3D simulators that assumed some type of symmetry to reduce the problem to 1D transport [2] . Therefore, they cannot treat properly the impact of off centre of the channel charge placement. It is well known that when the cross section of the nanowires shrink to less than 3 nm [3] , the effective mass of the electron increases due to the interaction of the electron wave function with the interface. These masses can be calculated using a tight binding approach [4, 5] or using density functional theory and then used it to replace the bulk masses in the effective mass Hamiltonian used in the NEGF simulator. The above approach will be used in this work, which for the first time presents a full 3D NEGF simulator with nanowire thickness dependent effective mass to study the impact of a single negative stray charge in the channel.
Models and simulation results
We have used a full self-consistent 3D real space NEGF simulator [6, 7] expressed within the effective mass approximation in order to capture the strong local variations in the potential due to the discrete impurity. The masses used have been extracted from tight binding band structures calculations based on a sp 3 model which includes the thirdneighbor-interactions as well as the spin-orbit coupling [8] . The wire axis is assumed to be oriented along the [100] direction and the square cross-section (T Si ) is confined by four {100} faces. The wire surfaces are saturated by hydrogen atoms in order to removes the dangling bonds. Figure 1 shows a schematic of the gate-all-around nanowire transistor, indicating the orientation of the local coordinate system. The nanowire is oriented in the (100) direction. The donor concentration in source and drain is 10 20 cm −3 and the channel is undoped. The cross sectional area is 2.2 × 2.2 nm 2 and the channel length is 6 nm. At these cross section dimensions the confined effective masses (m l = 1.07m e , m t = 0.3m e ) are different from the bulk masses (m l = 0.92m e , m t = 0.19m e , where m e is the free electron mass): these provide a qualitative description of the nanotransistor only [9] .
We have studied the effect on the current of the position in the channel of an unintentional stray charge with repulsive potential (acceptor).
Four devices, each with one impurity in the channel (distributed over 8 grid points) but at different locations, have been considered in this work. The four locations denoted by A, B, C and D are shown in Fig. 3 . Figure 4 shows the 3D contour plot of the self-consistent potential and the J x current component for case A. Note, that the tail of the potential is still evident a few nanometres away from the impurity location. The current flow becomes small at the impurity cen- tre (though it is non-zero due to tunneling) as the current flows around the impurity. Figure 5 is similar to Fig. 4 but for the case B (the cut is orientated such that the impurity is shown at the top of the device). In this case the main part of the flow deviates to one side of the impurity location. All this is a consequence of the current conservation. The I D -V G characteristic for the case A, B and C is shown in Fig. 6 . The current difference between the case A and B increases as the gate potential increases. It is due to the fact that at low drain bias, the effects of the potential tail of the impurity located off the middle of the source considerably affect the current flow. As the gate bias increases the effect of the tail became obviously smaller and the current flow is concentrated in the middle of the nanowire.
Next we compare the current in the nanowire transistor at V D = 0.2 V and V G = 0.5 V. For case A the current is 0.40×10 −7 A, while for case B it is 0.71×10 −7 A. The corresponding currents for the stray charges located at the drain end of the transistor are 0.75 × 10 −7 A and 1.4 × 10 −7 A for cases C and D respectively. The above values clearly show that the effect of the impurity on the transistor current is most detrimental to the on-current when the impurity is located in the middle of the cross-section at the source (case A). The effectiveness of an impurity at blocking the current is twice as high at the source compared to the drain. Fig. 8 The isolines of the self consistent potential around the stray charge for the charge concentrated in 8 grid points. The color code are in volts Fig. 9 The isolines of the selfconsistent potential around the stray charge for the charge concentrated in 27 grid points. The color code are in volts
The current for the cases where the impurities are located off-centre (B and D) is at approximately twice as large as when the impurities are located at the centre of the channel cross-section (A and C).
Bearing in mind that our nanowire is around 2.2 nm wide (around 4 unit cells) accurate treatment of the charge distribution is more important than in a larger device. Therefore, it's important to evaluate how the distribution of charge of the acceptor will affect the electron transport; it is expected that far from the impurity the coulomb tail will be independent of the particular charge distribution.
The charge distribution of the acceptor has been spread around several grid points (1, 8 and 27 grid points, the discretization mesh resolution is 0.2 nm) in order to describe more realistically the impurity charge distribution [10, 11] . For the case A we have a studied the effect of the charge distribution when the impurity charge has been spread over 1, 8 and 27 grid points respectively. Figures 7, 8 and 9 Fig. 10 Potential along the nanowire (at the centre of the cross section) for case A when the charge is assigned to 1, 8 and 27 grid points, the case for 8 and 1 grid points produces a similar on-current but for the 27 grid points case the current is 30 percent high (V G = 0.5 V and
show a close up of the associated potential isolines. The Fig. 10 show the electrostatic potential along the nanowire for the three distributions of the charge at V G = 0.5 V and V D = 0.2 V. As the figure shows the Coulomb tails are similar for all the cases within 1 nm of the impurity location. When the charge is more spread out the current is larger. The on-current for the case of 27 grid point is 30% greater compared to the case of 8 grid points.
Conclusion
We have studied the effect of the stray charge located in the channel of a nanowire gate-all-around transistor using a NEGF simulator. The 1D band structure for this transistor has been extracted from TB calculations with sp 3 model considering third nearest neighbor interactions. We have simulated the I D -V G characteristic of such transistors, which differ only in the location of the stray charge. The current is the lowest when the stray charge is located in the middle at the source end, and is higher when the charge is located at the beginning of the drain close to the SiO 2 interface. We also have compared the effect in the on-current due to the distribution of the charge of the stray impurity. It is found that when the charge is more distributed the current is higher.
